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communities from intertidal sediments under defined conditions in continuous culture. We 48 transiently exposed the cultures to oxygen or nitrate twice daily and investigated the community 49 response. Chemical measurements, provisional genomes and transcriptomic profiles revealed 50 trophic networks of microbial populations. Sulfate reducers coexisted with facultative nitrate 51 reducers or aerobes enabling the community to adjust to nitrate or oxygen pulses. Exposure to 52 oxygen and nitrate impacted the community structure, but did not suppress fermentation or sulfate 53 reduction as community functions, highlighting their stability under dynamic conditions. The most 54 abundant sulfate reducer in all cultures, related to Desulfotignum balticum, appeared to have 55 coupled acetate oxidation to sulfate reduction. We described a novel representative of the 56 widespread uncultured phylum Candidatus Fermentibacteria (formerly candidate division Hyd24-57 12). For this strictly anaerobic, obligate fermentative bacterium, we propose the name Ca. 58 "Sabulitectum silens" and identify it as a partner of sulfate reducers in marine sediments. Overall, 59 Results and Discussion 118 119
Physiology of the continuous cultures 120
Six cultures were inoculated with cell suspensions obtained from intertidal sediments of the 121 Janssand tidal flat. The cultures were continuously supplied with sulfate as electron acceptor and 122 a mixture of glucose, seven different amino acids and acetate as electron donors. This mixture was 123 chosen to stimulate the growth of a wide range of organisms, and represents compounds of 124 decaying biomass, which is the main organic carbon source in marine sediments. After two days, 125 sulfide was detected in all cultures and increased during the first 150 days, to a concentration of 2 126 -6 mM ( Fig. 1 ). All six cultures were incubated for 20 days under identical sulfate-only conditions 127 to establish anaerobic communities that carry out fermentation-coupled sulfate reduction. From 128 day 21 onward, four of the cultures were treated with oxygen or nitrate pulses, while two cultures 129 remained untreated. Oxygen was supplied to two replicate cultures (Oxy-1 and Oxy-2) for 30 130 minutes twice daily, by sparging the cultures with air. Two replicate cultures (Nit-1 and Nit-2) 131 were supplied with a nitrate solution for seven minutes twice daily. The final two replicate cultures 132 (Con-1 and Con-2) did not receive any additional electron acceptor and served as an untreated 133 control. The biomass in each of the cultures remained stable during the entire experiment (OD600: 134 ~0.15; Fig. S2 ). The sulfide concentrations in the cultures, in combination with the nature of the 135 provided carbon sources, indicated that we selected for a syntrophic community of fermenters and 136 sulfate reducers. It was expected that the fermenting bacteria convert glucose and amino acids to 137 short-chain fatty acids, lactate, alcohols, or hydrogen. These could then be used as carbon sources 138 and/or electron donors by the sulfate-reducing bacteria (Rabus et al., 2013) . 139 140 We characterized the cultures in detail on day 311 (Oxy-1 and Oxy-2), day 327 (Nit-1 and Nit-2) 141 and day 300 (Con-1 and Con-2). During the air supply, the oxygen concentration was stable at 142 around 1.3% air saturation (3.1 µM), while the sulfide concentration decreased by 0.7±0.4 mM 143 ( Fig. S3A ). In the cultures supplied with nitrate, sulfide concentrations did not decrease (Fig. S3B ) 144 and the nitrate was metabolized within ~200 min after termination of the supply (Fig. S3D ). In 145 both treatments we observed the transient production of elemental sulfur. In the oxygen treatment 146 we measured sulfur concentrations of up to 0.8 mM immediately after the start of aeration, 147 decreasing to ~0.1 mM within 2-4 hours (Fig. S3E ). In the nitrate cultures, sulfur was increasing 148 from ~0.1 mM to up to 0.4 mM within 2 hours, and decreased to ~0.1 mM within 4 hours after the 149 start of the treatment (Fig. S3F ). Using 15 N-labeled nitrate we found no production of 15 N-labeled 150 N2, which indicated that ammonia may have been the end product of nitrate reduction. Ammonia 151 production could not be assessed directly because of the high background ammonia concentration 152 that resulted from ammonification of the supplied amino acids. Over the one year incubation, 153 transient oxygen supply yielded the lowest average sulfide concentrations (2.3±0.3 mM; Fig. 1A) , 154 followed by the cultures that received nitrate (4.2±0.6 mM, Fig. 1B ) and the untreated control 155 cultures (6.3±0.7 mM, Fig. 1C ). Fluctuations in sulfide concentration were highest in the nitrate 156 treatment and lowest in the cultures that were not exposed to oxygen or nitrate. Yet, the cyclic 157 exposure to oxygen or nitrate did not suppress sulfide production (Fig. S3 ), and thus sulfate 158 reduction, as a community function. Aerobic respiration and ammonification coincided with a 159 decreased magnitude and stability of the sulfide concentration, likely due to microbial re-oxidation 160 of sulfide, or due to competition between sulfate reducers, aerobes or nitrate ammonifiers. 161
162
Microbial communities and their response to cyclic exposure to oxygen and nitrate 163
After around 300 days of cultivation, we sequenced the metagenomes of the six continuous 164 cultures. We hypothesized that cyclical exposure to oxygen or nitrate alters resource access to 165 create ecological niches that resemble those present in permeable intertidal sediments. Each 166 treatment would thus select for a different microbial community. Indeed, the community structure 167 was different between the treatments (Fig. 2, S4 ). Yet, all treatments and cultures had a similar 168 microbial community composition (Fig. 2) . The nitrate treatment favored fermentative organisms 169 that were less abundant in other treatments, such as Defluviitaleaceae (bin K) and certain 170 Spirochaeta (bin M/bin N) ( Fig. 2, 4A , S5). Moreover, each of the replicate cultures Nit-1 and Nit-171 2 selected for communities of different structure, although they experienced the same selective 172 pressure. The cultures exposed to oxygen were also different from each other, based on the relative 173 abundances of Clostridia (bin H, bin J) and Psychromonas (bin B). In contrast, the communities 174 in the untreated replicate controls Con-1 and Con-2 had a nearly identical community structure 175 after 300 days of cultivation ( Fig. 2, S4 ). Despite the different communities in the nitrate and 176 oxygen treated cultures, fermentation coupled to sulfate reduction was not greatly affected as a 177 community function, as inferred from gene expression ( Fig. 3 , Dataset 1) and the production of 178 sulfide (Fig. 1 ). This functional similarity may be explained by the presence of fermentative 179 populations that are phylogenetically different, but perform similar metabolisms (Allison and 180 Martiny, 2008 Fig. 2 ), which were all present in the inoculum as well (Table  186 1). The 16S rRNA gene sequences of fifteen of these bins were used for a detailed analysis of their 187 taxonomic and phylogenetic affiliation ( were impossible because the binned metagenomic data was too scarce (Table 1) , bin J was not 197 further analyzed due to a high percentage of contamination (40%). 198
199
To infer the metabolic activity of key organisms in the cultures and in response to the applied 200 treatment, we sequenced ten metatranscriptomes after 300 (control), 311 (oxygen treatment) and 201 327 (nitrate treatment) days of incubation. We sampled one hour before the treatment and directly 202 after the treatment subsided ( Fig. S3C, D) . This enabled us to sketch a trophic network in the 203 cultures ( Fig. 4A ) and look at differences in their gene expression caused by the treatments. The 204 transcriptional activity mirrored relative abundance, such that populations that were abundant in a 205 treatment, were also most active. The differences in overall gene transcription before and after the 206 treatment were not very pronounced. The relative transcription of most genes involved in 207 anabolism, catabolism and energy metabolism showed minor changes, suggesting that after 300 208 days the key organisms were very well adapted to the provided cyclic environment. Consistent and 209 large differences caused by the treatment were mainly detected for genes involved in oxidative 210 ( Fig 4B) and general ( Fig 4C) stress protection. The genes that were transcribed by the populations 211 indicated that each population had a slightly different strategy to cope with stress. transcribed NiFe(Se)-hydrogenases (e.g. hyb) and c-type cytochromes, which are needed to use 223 hydrogen as an electron donor (Heidelberg et al., 2004) . Desulfotignum also constitutively 224 expressed carbon monoxide dehydrogenase and acetyl-CoA synthase (cooS/acsA), the key genes 225 in the acetyl-CoA pathway for acetate oxidation or carbon dioxide fixation ( Fig. 3 ). Both, 226 autotrophic growth and heterotrophic growth using genes of the acetyl-CoA pathway has been 227 previously described for D. balticum (Kuever et al., 2001) . Together, the high transcriptional 228 activity of these genes ( Fig. 3 , Dataset 1) indicated that the organisms most likely fermented 229 acetate to H2 and CO2, and then used the H2 for sulfate reduction (Kuever et al., 2001) . However, 230 it cannot be ruled out that the organisms grew chemolithoautotrophically, despite the excess of 231 organic carbon sources, whichwould be counter-intuitive and merits further investigation. The 232
Desulfovibrio population (bin F) also transcribed Ni/Fe hydrogenases (hyb/hyd) and appeared to 233 consume hydrogen. It also transcribed genes for formate-hydrogen lyase (hycE) and formate 234 oxidation ( Fig. 3 formate lyase) suggested that acetate and formate were end products of fermentation, in addition 254 to hydrogen. All three end products seemed to be used by the two sulfate reducers, suggesting a 255 syntrophic relationship between fermenters and sulfate reducers. The uncultured Spirochaeta bin 256 L ( Fig. S8 ) also transcribed genes to metabolize a large number of carbohydrates. The 257 transcriptional activity indicated that this organism is able to import diverse sugars, into the cell 258 and shuttle them into glycolysis or the pentose phosphate way (Fig. S10 ). Based on the 259 transcription of key metabolic genes, the organisms affiliating with Clostridiales (bin G-I) seemed 260 to have very similar physiologies, which was also the case for the organisms affiliating with 261
Spirochaeta (bin L-N) (Fig. 3) . 262 263 However, each population appeared to use slightly different glycosyl hydrolases (Table S1) were detected in the transient oxygen and nitrate cultures and were minor constituents in the 277 sulfate-only cultures (Fig. 2) . The transient exposure to oxygen and nitrate apparently selected for 278 these organisms, which were capable of respiration. Genes encoding respiratory complexes I-IV 279 and genes of the citric acid cycle were present and actively transcribed in the Rhodobacterales (bin 280 A) and Alteromonadales (bin B). Compared to the fermenters, the respiratory organisms showed 281 low transcriptional activity of sugar and amino acid transporters. Thus, it is likely that the 282 respiratory organisms mainly used fermentation products, such as acetate, as electron donors. 283
Hydrogen did not seem to be a major energy source for these organisms, as transcriptional activity 284 of hydrogenases was not detected. In contrast, the Rhodobacterales actively transcribed all sox 285 genes that are needed for sulfide and sulfur oxidation. Both organisms transcribed genes involved 286 in polyhydroxybutyrate (PHB) and polyphosphate metabolisms. This indicates that PHB may have 287 accumulated under anoxic conditions driven by polyphosphate hydrolysis, and was oxidized under 288 oxic conditions, a well-known strategy for biological phosphorus removal (Wu et al., 2010) . 289
Indeed, in the Rhodobacterales, polyphosphate kinase and poly-beta-hydroxybutyrate polymerase 290 were down-regulated during the period of air supply (Dataset 1). 291
292
The population related to Desulfuromusa bakii (bin E), did not have or transcribe dsr genes and 293 was apparently not performing sulfate reduction. This organism were only selected in cultures with 294 transient nitrate supply and showed a strong global transcriptional response to nitrate availability. 295
In response to nitrate, it transcribed genes for citric acid cycle enzymes, complex I, nitrate-induced 296 formate dehydrogenase (fdn), periplasmic nitrate reductase (nap), and pentaheme nitrite reductase 297 (nrf). It likely performed nitrate ammonification with substrates such as amino acids, acetate and 298 formate. Desulfuromusa bakii and related bacteria are known as sulfur-reducing, and often 299 facultatively fermentative bacteria (Liesack and Finster, 1994) . Hence, in the absence of nitrate 300 the organisms selected here may also have performed fermentation of amino acids and/or 301 dicarboxylates. 302 303
Ecophysiology of Candidatus Sabulitectum silens 304
We also detected an organism (bin O) that affiliated with the candidate phylum Fermentibacteria 305 (formerly candidate division Hyd24-12) (Kirkegaard et al., 2016) . These organisms were present 306 in all cultures, but were only abundant in the untreated cultures that were not exposed to oxygen 307 or nitrate (Fig. 2) . The contigs of this bin were very long (up to 538 kb; N50: 222 kb), the 308 provisional genome had a size of 2.9 Mb and was inferred to be 77% complete (Table S2 ). 309
Annotation of the genes encoded on the contigs of bin O suggested that the organisms have a 310 typical gram-negative cell envelope with a complete peptidoglycan biosynthesis pathway and an 311 active outer membrane transport system (tonB/exbBD). Glycolysis and the non-oxidative pentose 312 phosphate pathway were complete (Fig. 5) . The presence of largely complete operons coding for 313 genes involved in lipid biosynthesis, cofactor biosynthesis, amino acid metabolism, and nucleotide 314 metabolism indicated that these bacteria are likely not dependent on others for the generation of 315 the major cellular building blocks. The organism transcribed an H + /Na + -translocating V-type ATP 316 synthase as well as numerous protein complexes that translocate sodium ions across the cell 317 membrane, such as an electron transport complex protein (rnf), a NADH-oxidoreductase (ndh), 318 and a Na + -translocating decarboxylase (oad/gcd). This combination of proteins indicated that the 319 organism was able to synthesize ATP using a sodium motive force (Mulkidjanian et al., 2008) . 320
However, the organism lacked a complete citric acid cycle and a respiratory chain. Single genes 321 for flagellar biosynthesis and twitching motility were transcribed, yet the pathways for motility 322 were incomplete (Fig. 5 ). Bin O lacked many of the mechanisms for oxidative and general stress 323 protection ( Fig 4B) , which may explain its low abundance in the oxygen and nitrate treated 324 cultures. The metagenome and metatranscriptome indicated that the organism is a non-motile, 325 strictly anaerobic, obligate fermenter. We propose to name it Candidatus Sabulitectum silens (gen. 326 et sp. nov.; sabulum (lat.) -sand; tectus (lat.) -covered, roofed; silens (lat.) -still, silent). In 327 addition, we propose the new family Ca. Sabulitectaceae (fam. nov.) within the order Ca. 328 Fermentibacterales (Fig. 6) . The phylum Fermentibacteria belongs to the Fibrobacteres-Chlorobi-329
Bacteroidetes superphylum (Fig. S11) . The Fermentibacteria comprise one class, one order, four 330 families and at least nine genera (Fig. 6 ). The four families were previously indicated as four 331 distinct clades (Kirkegaard et al., 2016) . 332
333
The nearest relative of Ca. Sabulitectum silens is the recently described Ca. Fermentibacter 334 daniensis, an anaerobic fermenter that is possibly involved in the sulfur-cycle (Kirkegaard et al., 335 2016) . In contrast to Ca. Fermentibacter, Ca. Sabulitectum did not seem to possess or transcribe 336 genes for sulfhydrogenases, despite the presence of sulfur in the cultures. Overall, both organisms 337 appear to have similar lifestyles based on their transcriptional activity, despite their phylogenetic 338 distance, suggesting that this lifestyle might be common among the phylum Fermentibacteria. 339
Thus, it is not surprising that, so far, the phylum comprises sequences that almost exclusively 340 originated from anoxic, organic and/or methane-rich ecosystems (Fig. 6 Vis). Sulfide concentration in the culture was measured using the Cline method (1969). After 21 386 days, the headspace of two of the cultures (Oxy-1 and Oxy-2) was oxygenated twice daily, by 387 supplying air (1 l min -1 ) for 5 min. The air was removed after 30 min by supplying Argon (1 l min -388 1 ) for 5 min. This procedure was repeated every 12 h for the remainder of the experiment. In 389 parallel, nitrate was supplied twice daily to two cultures (Nit-1 and Nit-2) by supplying a nitrate 390 solution (1.4 ml min -1 , 20 mM NaNO3 dissolved in artificial seawater) for 7 min, every 12 hours. 391
Two other cultures (Con-1 and Con-2) only received sulfate as electron acceptor. During aeration, 392 the oxygen concentration in the culture liquid was measured with Optical Oxygen Meter -393 FireSting O2. At the same time, we measured off-line the hydrogen sulfide (Cline, 1969) and sulfur 394 concentrations (Kamyshny Jr and Ferdelman, 2010) in the cultures. In addition, after 327 days the 395 nitrate in the medium was replaced with 15 N-nitrate by direct injection of 10 ml of 20 mM 15 N-396 nitrate and the production of 15 N-nitrogen gas was measured off-line by mass spectrometry (GAM 397 400, InProcess Instruments, Bremen, Germany) using 0.5 ml headspace samples. Nitrate in the 398 culture liquid was determined as previously described (Hanke et al., 2014) . 399 400
Metagenomics 401
On day 311 (Oxy-1 and Oxy-2), day 327 (Nit-1 and Nit-2), and day 300 (Con-1 and Con-2) of the 402 experiment, we extracted nucleic acids from 10 ml samples of all six cultures as previously 403 described (Zhou et al., 1996) , after incubation with lysozyme (2.5 mg ml -1 ) and RNAse (0.1 mg 404 ml -1 ). For metagenome shotgun sequencing, 1.5 μg of the extracted DNA was mechanically 405 fragmented using Nebulizers (Roche; 32 psi; 3 min, 500 μl nebulization buffer). was calculated as the number of conserved single copy genes (CSCG) detected, divided by the 422 total number of CSCG. Percentage contamination was calculated as the number of CSCG present 423 in >1 copy, divided by the number of CSCG detected. Due to frameshift errors resulting from Ion 424 Torrent sequencing it was not possible to use CheckM (Parks et al., 2015) to estimate genome 425 completeness and contamination. Note that, using the above described method, the completeness 426 values reported likely underestimate the actual completeness of the bins. Genes present in each bin 427 were annotated with Prokka v1.9 (Seemann, 2014) . Each bin constitutes a provisional whole 428 genome sequence of a microbial population (Fig. S1) reconstructed with Emirge (Miller et al., 2011) . 16S rRNA gene sequences were linked to bins as 459 previously described . 460 461
Phylogenetic tree reconstruction 462
The 16S rRNA gene based phylogenetic trees were generated using near full-length sequences 463 (>1300 bases) of the non-redundant SILVA small subunit reference database (release 123.1; March 464 2016) (Quast et al., 2013) and the software ARB (Ludwig et al., 2004) . Sequences were aligned 465 using SINA (Pruesse et al., 2012) and the alignment was manually optimized according to the 466 rRNA secondary structure, resulting in high-quality alignments of 1267-1287 bases length. We 467 used a maximum-likelihood algorithm (PHYML) with a positional variability filter, excluding 468 highly variable regions, and 100 bootstrap iterations. Phylogenetic levels were calculated based on 469 phylogenetic distance using the clustering tool as implemented in ARB. Threshold sequence 470 identity for genus (94.5%), family (86.5%), order (82.0%), class (78.5%) and phylum (75.0%) 471
were chosen according to the latest taxonomic threshold recommendations (Yarza et al., 2014 treatment (Con-5, Con-6). Transcribed genes are shown as blue arrows, genes of annotated pathways that were not detected as red arrows. 719
Enzymes are abbreviated with letters, the full list as well as further metabolic pathways are provided in Table S3 . Dashed blue circles depict 720 additional pathways that were detected. 721 
